26
INTRODUCTION

27
Activity of excitable cells like muscles and neurons can be measured by electrophysiology, Ca 2+ -or 28 voltage imaging [1] [2] [3] [4] [5] [6] [7] . While electrical measurements provide the highest sensitivity and temporal 29 accuracy, imaging methods are much more versatile for applications in living animals and for 30 recording multiple cells simultaneously. Genetically encoded Ca 2+ indicators (GECIs) nowadays cover 31 most of the visible spectrum with comparably narrow spectral width, thus enabling multiplexing with 32 other optical tools [8] [9] [10] . . 42
The development of GEVIs started later than that of the GECIs, and several different designs were 43 explored that couple detection of voltage changes to fluorescence changes. These range from FRET 44 sensors to circularly permuted GFP, similar as for GECIs 4, 5 . Yet, such tools for a long time reached 45 only a few percent in fluorescence change per 100 mV of membrane voltage change, thus making 46 detection of single APs a challenge. More recently, microbial rhodopsins were found to exhibit a 47 voltage-dependent fluorescence of their chromophore, retinal 17, 19 . The fluorescence signal change 48 was higher than for the other protein-based GEVIs (ca. 20-40 % per 100 mV), and could be improved 49 by several mutagenesis screens 13, 18 . However, the absolute fluorescence signals of the rhodopsins 50 are very small. In particular, the voltage sensitivity of the fluorescence, due to the nature of the 51 process requiring more than one photon to be absorbed 20 , becomes appreciable only at very high 52 light intensities. Thus, electrochromic Förster resonance energy transfer (eFRET) sensors were 53 developed that couple fluorescence of a normal fluorescent protein (FP) to the rhodopsin. The latter 54 is acting as a FRET acceptor upon depolarization, thus quenching the (much stronger) fluorescence of 55 the FP, which acts as a FRET donor 14, 16 . ) or other proton pumps like 57
Mac (from Leptoshaeria maculans) or Ace2N, derived from the Acetabularia rhodopsin proton 58 pump 14, 21, 22 . Each of these proteins is coupled with specific linkers to fluorescent proteins like 59 mOrange, mCitrine, mNeon, or mRuby3, depending on the absorption spectrum of the respective 60 rhodopsin, to achieve maximal FRET efficiency, and to achieve imaging in different spectral regions. 61
An additional way to improve voltage-dependent fluorescence of the rhodopsin may be to alter the 62 chemical properties of the retinal chromophore. We previously used retinal analogs to reconstitute 63 function of microbial rhodopsin optogenetic tools, and to alter their characteristics 23 . HBO lamp for excitation and a sCMOS camera, very dim fluorescence could be observed in the range 85 of 700 nm. Using a 637 nm laser, and an EMCCD camera, fluorescence was more readily observable 86 (Fig. 1A, B) . 87 88 
99
In comparison to Arch(D95N), the fluorescence of QuasAr and Archon was 2.4 and 2.1-fold more 100 intense, respectively, and showed a 1.7-fold higher contrast over background fluorescence (in BWMs; 101 
111
When we supplemented the animals with the retinal analog DMAR 23 (Fig. 1D, inset) , we observed a 112 ca. 250-fold higher absolute fluorescence (in pharyngeal muscle; Fig. 1B, D) , and similarly, when we 113 used retinal analog VI, fluorescence levels increased 81-fold (gain-corrected; note this was in Arch wt, 114 in which this analog does not mediate function, and thus does not hyperpolarize the cell; analog VI 115 could not be incorporated by Arch(D95N)). This was accompanied by higher signal contrast (138-fold 116 and 44-fold higher for DMAR and analog VI, respectively; Fig. 1E ). The fluorescence yield of 117 Arch(D95N) could also be increased by using 10-fold higher ATR concentration during animal 118 cultivation, and a 50x higher camera gain during imaging (Fig. 1B, D) , resulting in fluorescence grey 119 values that were similar to those observed for DMAR. Increased fluorescence due to DMAR or 120 increased ATR and gain was also observed in BWM cells (Fig. 1B) . Last, we also expressed eFRET 121 sensors, QuasAr-mOrange and MacQ-mCitrine, in pharyngeal muscle or BWM (Fig. 1C) supplemented with ATR, thus yielding a functional eFRET acceptor ( Fig. 2A, B , even though at a slower time scale than expected for freely moving animals. 166 We reported to be between 80 and 115 mV [29] [30] [31] (Fig. 4C) , on average 97 mV. Thus, in the pharynx, a 100 222 mV depolarization corresponds to ca. 126 % fluorescence increase, which is larger than reported for 223 Arch(D95N) or QuasAr in mammalian cells and neurons 17, 18 , and also largely exceeds the 224 fluorescence increase observed in BWM cells upon excitation (Fig. 3C, D, I ), for unknown reasons. 225
The signal to noise ratio (SNR) was also very good (ca. 70; Fig. 4D ). However, detecting Arch(D95N) 226 fluorescence in BWM cells requires a strong excitation laser (we achieved up to 1800 mW/mm² at 227 637 nm; in the pharynx, ca. 1/10 th of this intensity was sufficient) and an EMCCD camera, i.e. 228 equipment not available in every lab. We thus also assessed the potential of DMAR-supplemented 229 Arch(D95N) for voltage measurement. The raw fluorescence was largely increased (Fig. 1D ) and could 230 be visualized with a common sCMOS camera and excitation through an HBO lamp (30 mW/mm², 620 231 nm). This excitation, however, did not allow recording APs well. Possibly, also Arch(D95N)-DMAR 232 fluorescence must be highly excited to become voltage sensitive. Thus these measurements were 233 performed with laser excitation (637 nm, ca. 180 mW/mm², and an EMCCD camera). Arch(D95N)-234 DMAR exhibited activity-dependent fluorescence increases of about ca. 27 % (i.e. ca. 28 % / 100 mV), 235 much smaller than for ATR-supplemented Arch(D95N), with a SNR of ca. 35 ( Fig. 4A, D ; Supp. Video 236 6). Signals were very uniform within a pump train in the same animal, and varied more between 237 animals (Supp. Fig. 2A, B) . Thus, while the signal change per mV is ca. 5-fold lower for DMAR than for 238 ATR, the much increased detectability of the fluorescence makes this a valid alternative. We also 239 tested analog VI in Arch wt voltage imaging. However, the fluorescence of this retinal analog did not 240
show any voltage dependence (data not shown). 241 242 MacQ-mCitrine and QuasAr-mOrange showed ca. -25 and ca. -10 % reductions in the fluorescence 271 upon pharyngeal pumping, respectively ( Fig. 4B ; Supp. Fig. 2C-F ; Supp. Videos 1 and 7). SNR was 272 comparable for both sensors (ca. 50; Fig. 4D ). Thus, despite lower overall fluorescence (Fig. 1D) , 273
MacQ-mCitrine is the more sensitive voltage reporter. The signals for both sensors were quite 274 uniform in the same animal. However, mean signal traces between animals showed a range of 275 amplitudes (Supp. Fig. 2C-D) . Based on the reported pharyngeal AP, the signals of MacQ-mCitrine 276
and QuasAr-mOrange correspond to a change in fluorescence of ≈26 and ≈10.4 % F/F per 100 mV. 277
For QuasAr-mOrange expressed in BWMs, we could more directly 'calibrate' this by assaying QuasAr-278 mCitrine signals observed with ChR2 stimulation in MNs, and comparing this to similarly illuminated 279 animals lacking ChR2 expression (Fig. 4E) 
284
Analyzing a small ROI enclosing the pharyngeal TB grinder region allowed deriving the opening of the 285 pharynx from the fluorescence signal ( Figs. 2A, B; 4B) . Thus, we could correlate depolarization and 286 the contraction of the muscle.
We wrote scripts to systematically analyze the measured fluorescence 287 traces. These involved automatic detection of relevant events, aligning, synchronizing, and averaging 288 them. Then, parameters like amplitude, area under the peak, AP and pump duration, both defined as 289 rise from and return to the baseline, or by using the full-width at half-maximum (FWHM), delay of 290 pump vs. voltage, rise and drop of the voltage as  on and  on values, could be derived (Fig. 5A) . This 291 way, voltage and pump signals could be analyzed and compared for Arch(D95N) equipped with ATR 292 and DMAR, MacQ-mCitrine, and QuasAr-mOrange ( Fig. 5B-H sensors showed a significantly reduced voltage amplitude signal for n2368 (to 52-65 % of the wt; Fig.  335 5B-H), and a reduced signal (not significant) in the n582ad952 allele. For the MacQ-mCitrine sensor, 336 both alleles showed a significantly prolonged AP and pump duration ( Fig. 5E, F ; pump duration was 337 also increased when measured by QuasAr-mOrange, Fig. 5G, H) . Thus, the term 'g.o.f.' is mostly valid 338 by the consequence of these alleles on BWM contraction properties (i.e. prolonged pump), but not 339 for the AP (which in BWMs is likewise reduced in amplitude, though also prolonged 24, 25 ). Therefore, 340 these alleles are hypomorphic rather than g.o.f., emphasizing that voltage imaging is a valuable 341 extension of current methods for characterization of mutations in ion channels, affecting excitable 342 cells. In particular, imaging is a more easily applied alternative to electrophysiology, which is 343 experimentally demanding and not available in many labs. 344
'Gain-of-function' mutants in the L-type voltage gated
It was previously shown that the dihydropyridine analog nemadipine A (NemA) is a potent inhibitor 345 of EGL-19, or may accelerate its desensitization 34, 35 . We analyzed whether nemadipine could 346 influence the voltage-dependent fluorescence signals of the GEVIs tested in the pharynx. We 347 compared the data from animals incubated in NemA to animals incubated in just the DMSO-348 containing vehicle (Supp. 
358
Imaging spatially compartmentalized voltage signals in excitable cell ensembles 359
Voltage recording can be done by electrophysiology with high accuracy. Yet, in electrically coupled 360 cell systems, it is not possible to assess potentially compartmentalized electrical properties of the cell 361 ensemble. This is expected to be the case for the pharynx, where anterior and posterior portions act 362 differently, as was suggested for the different events visible in electropharyngeogram (EPG), i.e. the 363 extracellular recording of pharyngeal electrical activities [36] [37] [38] . EPGs are current recordings with a 364 complex, yet stereotypic structure (Fig. 6C, inset) of the same pixel in the preceding video frame. After temporally aligning and averaging of twelve 376 events, we could clearly observe depolarization and repolarization events ( Fig. 6A; Supp. Video 8) . 377 The spatiotemporal differences in voltage change could be timed to single video frames and assessed 378 in a kymograph along the longitudinal axis of the pharynx (Fig. 6A, B) . The entire pharynx 379 synchronously depolarized, while repolarization, following ca. 144 ms after the depolarization onset, 380 occurred first in the anterior portion of the pharynx (corpus), and was followed 50 ms later by 381 repolarization in the isthmus and TB. In the region connecting corpus and isthmus was a small section 382
showing an additional depolarization between anterior and posterior repolarization phases (at 161 383 ms), and an additional repolarization phase following repolarization of the TB and isthmus. This 384 region could match the connection between pm5 and pm4 muscle cells. Also, here are multiple 385 inputs from pharyngeal neurons, thus possibly the minor signals occur from neuronal input to the 386 pm5 muscle. It will be interesting to visualize this region in more detail, ideally with markers for 387 pharyngeal neuron cell types. 388 
400
The EPG measures currents from the extracellular medium into pharyngeal muscle. It thus represents 401 changes in muscle polarization. We thus wondered if the mean voltage difference events, averaged 402 across the whole pharynx, would correspond to the EPG. When we calculated the inverse mean 403 signal change of the entire pharynx, it matched the time course of a typical EPG recording well (Fig.  404 6C, see inset for a typical EPG record). A single, major depolarization spike (corresponding to 'E' or 405 'E2') was followed by two repolarization spikes, corresponding to the anterior and posterior parts of 406 the pharynx ('R1' and 'R2') 36, [38] [39] [40] [41] . Thus, the optical measurement matches the EPG measurement, 407 but outperforms it with respect to spatial information. 408
DISCUSSION
409
In this work, we surveyed a number of microbial rhodopsin-based optical voltage sensors in different 410 muscular tissues of C. elegans. These include the rhodopsin variants Arch(D95N)(equipped with ATR 411 and the retinal analog DMAR), QuasAr, and Archon, as well as the eFRET sensors MacQ-mCitrine and 412
QuasAr-mOrange. We show that all of them can be used to detect action potentials with robust 413 fluorescence changes of up to 126 % per 100 mV in the pharynx, and 78 % in body wall muscles. 414
These values were larger than previously reported for cells and neurons of other organisms; it may 415 have to do with the lipid composition of the C. elegans cell membranes, which might influence the 416 properties of the Arch protein in a beneficial manner. Making these high F/F 0 values accessible, 417 however, requires the use of a high-power excitation laser (up to 1800 mW/mm² 637 nm light), that 418 are achieved only in a small field of view, and an EMCCD camera, to enable recording at high frame 419 rate despite the low absolute fluorescence. We note that the addition of ATR to the culture medium 420 caused increased background fluorescence upon blue light stimulation, thus low concentrations of 421 ATR are recommended. Lower excitation light intensities (180 mW/mm²) were possible by using 422 DMAR as an alternative to ATR. This strongly boosted the absolute fluorescence levels, yet reduced 423 the fluorescence change per voltage change by a factor of 5. Possibly, a similar branched photocycle 424 as in Arch(D95N)-ATR 20 is present with DMAR, requiring more than one photon to be absorbed. 425
Nonetheless, it was feasible to use this sensor/retinal analog combination to robustly measure 426 parameters of pharyngeal pumping that were comparable to those measured with the eFRET 427 sensors, and to compare VGCC g.o.f. mutants to wt. 428
The MacQ-mCitrine eFRET sensor, despite 75 % lower absolute fluorescence intensities, showed ca. 429 3-fold higher F/F 0 values than QuasAr-mOrange. Parameters of pharyngeal APs and pumping were 430 similar for all sensors, emphasizing that they did not alter the properties of the pharynx relative to 431 each other. Electrophysiological measurements are demanding and do not allow to analyze muscular 432 movement and contraction parameters concomitantly, while the imaging approach shown here does. 433
Since the parameters we compared between wt and egl-19 g.o.f. alleles did not differ between the 434 three sensors, it can be expected that also other mutations affecting pharyngeal physiology and 435 pumping will be accessible using the methods described here. To register the voltage signals in the pharyngeal muscles, a ROI was defined around the whole 557 pharynx ( Fig. 2A) , whereas a smaller circular ROI was positioned over the terminal bulb lumen with 558 the grinder, to track grinder movements and contractions with the accompanying lumen opening 559 (observed as a lowering of the fluorescence in this ROI, as fluorescing tissue moves radially away 560 during TB contraction). For background correction, another circular ROI was defined in an arbitrary 561 dark region outside of the worm, or, for contrast measurements, 'inside' the worm, but covering 562 tissue that is not expressing the respective voltage sensor (and avoiding the autofluorescing gut). 563 F/F was calculated in Excel (Microsoft). A custom workflow in KNIME 3.6.2 (KNIME AG, Zurich, 564 Switzerland
45
) was used to synchronize pump and voltage events across animals by calling an R (R 565 3.5.1, The R Foundation for Statistical Computing) script to process each of the Excel tables. The R 566 script proceeds to fit a spline curve to the input data with as many anchor points as data points 567 present. The fit curve is sampled at constant 200 data points per second to account for the variable 568 camera timing. Pumps are found as local minima with a centered time window of 625 ms. A manual 569 input of indices can be used to correct this peak registration. The signals that passed manual control 570 are synchronized first to the pump minimum. The voltage signal is then analyzed for the peak onset 571 by searching for the minimum of the scaled difference with a lag of 50 ms of a centered moving 572 average with window size of 105 ms. The events are subsequently synchronized to the onset of the 573 voltage peak and grouped per animal, or analyzed individually, where appropriate. The signals are 574 further analyzed to extract start and end of peak by searching for the first and last data point to cross 575 a line at 10 % of the distance from the baseline to the peak minimum, respectively. Analogously, the 576 full width at half maximum (FWHM) is calculated by searching for the two data points that cross the 577 50 % line between baseline and peak minimum. Duration is defined as the time difference between 578 start and end of a peak. The kinetic parameters τ ON and τ OFF are modelled each with a mono-579 exponential curve fit accounting only for the time frames from (-50 ms, FWHM start ) and (FWHM end , 580 305 ms), respectively. The area (voltage integral) is calculated as the integral from start to end of the 581 peak from the baseline. The amplitude is calculated as the peak minimum to the maximum value at 582 negative time after synchronization in the depicted time frame. The delay is reported as the time 583 difference between the FWHM start of the voltage and FWHM start of the pump peaks. 584 585 Electrophysiology 586
Recordings were conducted from dissected BWM cells on the ventral side of the body anterior to the 587 vulva as described previously
42
. Animals were immobilized with Histoacryl glue (B. Braun Surgical, 588 Spain) and a lateral incision was made to access neuromuscular junctions along the ventral nerve 589 cord. The basement membrane overlying muscles was enzymatically removed by incubation in 0.5 590 mg/ml collagenase for 10 s (C5138, Sigma-Aldrich, Germany). BWMs were patch-clamped in whole-591 cell mode at 22˚C using an EPC10 amplifier with head stage connected to a standard HEKA pipette 592 holder for fire-polished borosilicate pipettes (1B100F-4, WPI, USA) of 4-7 MΩ resistance. The 593 extracellular (bath) solution contained: NaCl 150 mM; KCl 5 mM; CaCl 2 5 mM; MgCl 2 1 mM; glucose 594 10 mM; sucrose 5 mM; HEPES 15 mM, pH7.3 with NaOH, ≈330 mOsm. The pipette solution 595 contained: K-gluconate 115 mM; KCl 25 mM; CaCl 2 0.1 mM; MgCl 2 5 mM; BAPTA 1 mM; Hepes 10 596 mM; Na 2 ATP 5 mM; Na 2 GTP 0.5 mM; cAMP 0.5 mM; cGMP 0.5 mM, pH7.2 with KOH, ≈320mOsm. 597
Recordings were conducted in current clamp mode using Patchmaster software (HEKA, Germany), as 598 described previously 27 . Light activation was performed using a LED lamp (KSL-70, Rapp 599
OptoElectronic, Hamburg, Germany; 470 nm, 1 mW/mm²) and controlled by the EPC10 amplifier. 600
Data were analyzed by Patchmaster software. 601
Software
602
Knime 3.6.2 (KNIME AG, Zurich, CH), R 3.5.1 (The R Foundation for Statistical Computing) 603 604
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